Relationships between stand growth and structural diversity were examined in spruce-dominated forests in New Brunswick, Canada. Net growth, survivor growth, mortality, and recruitment represented stand growth, and tree species, size, and height diversity indices were used to describe structural diversity. Mixed-effects second-order polynomial regressions were employed for statistical analysis. Results showed stand structural diversity had a significant positive effect on net growth and survivor growth by volume but not on mortality and recruitment. Among the tested diversity indices, the integrated diversity of tree species and height contributed most to stand net growth and survivor growth. Structural diversity showed increasing trends throughout the developmental stages from young, immature, mature, and overmature forest stands. This relationship between stand growth and structural diversity may be due to stands featuring high structural diversity that enhances niche complementarities of resource use because trees exist within different horizontal and vertical layers, and strong competition resulted from size differences among trees. It is recommended to include effects of species and structural diversity in forest growth modeling initiatives. Moreover, uneven-aged stand management in conjunction with selective or partial cutting to maintain high structural diversity is also recommended to maintain biodiversity and rapid growth in spruce-dominated forests.
Introduction
Relationships between species diversity and ecosystem productivity have a long-standing relevance in ecology (Waide et al. 1999; Mittelbach et al. 2001 ). However, considerable controversy still exists concerning the general forms of these relationships (Rosenzweig and Abramsky 1993; Waide et al. 1999; Fridley 2002) . The general conclusion among ecologists is that there is no single universal pattern and that patterns themselves are scale and taxon dependent (Mittelbach et al. 2001; Chase and Leibold 2002; Whittaker and Heegaard 2003) . Mittelbach et al. (2001) classified these relationships into one of five patterns in a metaanalysis: positive, negative, hump-shaped, U-shaped, and no significant relationship. Recently, Laanisto et al. (2008) found that a unimodal species richness -productivity relationship was significantly more common for herbaceous species than for woody species. This relationship appeared in grasslands more often than in forests. On the other hand, the influence of species diversity on productivity is also debated especially in forest communities where complex spatial structures and high longevity of dominant organisms exist (Huston et al. 2000; Vilà et al. 2003; Firn et al. 2007 ). Relationships are either negative (Huston 1980; Wardle et al. 1997; Firn et al. 2007) , positive (Troumbis and Memtsas 2000; Erskine et al. 2006; Vilà et al. 2007 ), or insignificant (Vilà et al. 2003) . Two hypotheses explaining positive relationships have been proposed: niche complementarity and sampling effects (Tilman et al. 1997; Tilman 1999; Huston et al. 2000) . The niche complementarity hypothesis proposes that species-rich communities are able to more efficiently access and utilize limiting resources because they contain species with a diverse array of ecological attributes. Complementarity effects occur when interspecific niche differences lead to more efficient acquisition of limiting resources and, therefore, higher productivity. The sampling effect hypothesis suggests that more biologically diverse communities have increased productivity. Sampling effects are believed to occur when the most productive species are more likely to be included in and come to dominate the biomass of species-rich polycultures. However, the transition from sampling effect to complementarity effect through time was also identified (Pacala and Tilman 2002; Cardinale et al. 2007 ). Thus, each hypothesis proposes an ecologically distinct mechanism.
Maintaining both biodiversity and productivity is necessary for sustainable forest management. Stand structural diversity, especially variations in tree height and diameter, is an important consideration in forest biodiversity conservation. Noss (1990) discussed composition, structure, and function as components of biodiversity. Stand structural diversity is an important part of biological diversity and affects other components of biodiversity, i.e., compositional and functional diversity, and, consequently, economical, ecological, and social values of forest management practices (Noss 1990; Lexerød and Eid 2006) . Structural diversity is often defined as one or a combination of spatial distribution, species diversity, and variation in tree dimensions, such as the size and height (Staudhammer and LeMay 2001; Pommerening 2002; McElhinny et al. 2005) . Standing trees of different sizes provide a variety of habitats for different flora and fauna. However, differences in structural diversity may also be due to a variety of factors including environment conditions, species composition, development stages, disturbance history, and management activities. A common argument is that biodiversity can be maintained by way of managing the structural diversity of stands (MacArthur and MacArthur 1961; Buongiorno et al. 1994; Franklin et al. 2002) . Therefore, stand structural diversity has been set as a constraint or objective in forest harvesting decision making practices for multiobjective forest planning (Buongiorno et al. 1994; Gove et al. 1995; Kant 2002) . In addition to being indicative of overall biodiversity, measures of stand structural diversity are also important for predicting future stand growth and development (Pretzsch 1997; Liang et al. 2005) . Understanding and quantifying these effects can aid in growth and yield modeling.
Unfortunately, for the most part, previous studies have focused on relationships between species diversity and productivity. Only a few studies have taken into consideration the effects of stand structural diversity on growth (Edgar and Burk 2001; Liang et al. 2005 Liang et al. , 2007 . It is understood that some uncertainties still exist in quantifying these relationships. For example, Liang et al. (2005) concluded that the relationship between growth and tree size diversity remains unclear. The effects of structural diversity on growth are still largely unexplored, especially in the Canadian boreal forest region. Owing to this, much remains to be done in understanding how stand structural diversity affects growth with respect to forest management goals of higher productivity and biodiversity.
Therefore, the objective of this study is to examine relationships between stand growth and structural diversity in spruce -balsam fir (Abies balsamea (L.) Mill) (SPBF) forests in New Brunswick, Canada, to test the complementarity effects hypothesis that states that stand structural diversity has a positive effect on growth.
Data and methods

Sample plot data
All data comes from the New Brunswick Permanent Sample Plot Database (Porter et al. 2001) . The SPBF plots were selected where the proportion in volume of spruce trees was 0.6, which designated them as spruce-dominated forest stands. Sampling was carried out on 400 m 2 circular plots. All living trees >5.1 cm in diameter at breast height (DBH) were included in the study. Trees were measured two to four times throughout a 2-6 year period. Tree age was attained by using increment core samples taken from a minimum of two trees for each species class outside the plot area. Because height and volume data were only available for trees with a DBH >9.0 cm within the plots (Porter et al. 2001) , trees whose DBHs were <9.0 cm were ignored. In total, 908 measurements were collected, of which 142 plots were measured two times, 182 plots were measured three times, and 134 plots were measured four times. Between one and seven tree species inhabit each plot. The most frequent tree species observed were black spruce (Picea mariana (Mill.) BSP), white spruce (Picea glauca (Moench) Voss), red spruce (Picea rubens Sarg.), and balsam fir (Table 1) . A total of 21 tree species were identified throughout all the plots. Stand age varied from 32 to 203 years. The development stage of black spruce is defined as young ( 45 years), immature (46-70 years), mature (71-110 years), and overmature ( 111 years) (Porter et al. 2001) .
For each measurement, the following stand variables were calculated: periodic annual increment (PAI), periodic annual survivor growth (Ps), periodic annual mortality (Pm), periodic annual recruitment (Pr), number of trees per hectare (N, stemsÁha -1 ), the quadratic mean DBH (Dq, cm), and site productivity (Sp, m 3 Áha -1 Áyear -1 ), which was measured as the mean annual increment by stand volume where a relationship PAI = Ps -Pm + Pr was determined. All increments and productivity components (PAI, Ps, Pm, and Pr) are expressed in cubic metres per hectare per year and are calculated as follows:
where A is plot area, V s is the change in volume of living trees within a plot during the inventory period T, V m is the mortality with respect to volume of a plot during the inventory period T, and V r is the recruitment with respect to volume of a plot during the inventory period T. The stand characteristics are summarized in Table 2 .
Stand structural diversity indices
Stand structural diversity indices used in the study are summarized in Table 3 . Because species, diameter, and height are commonly measured to indicate changes in horizontal and vertical stand structure (Staudhammer and LeMay 2001) , stand structural diversity was measured by tree species, DBH, and height for this study. Structural diversity indices were used based on the Shannon-Wiener index (Magurran 2004) because it is widely used in forest research (Buongiorno et al. 1994; Kuuluvainen et al. 1996; Staudhammer and LeMay 2001) . The Shannon-Wiener index is based on both species richness and evenness. With the Shannon-Wiener index approach, DBH and height had to be grouped into discrete classes. For DBH, 2, 4, and 6 cm classes were tested, and for height, 2, 3, 4, and 5 m classes were tested to calculate the index. It was discovered that a tree size diversity by 4 cm DBH for the width classes and a tree height diversity by 2 m height for the height classes showed high correlation coefficients with the same index based on the other class widths. Therefore, 4 cm and 2 m were used for the DBH and height classes, respectively, for the study. In addition to the diversity index of tree species (Hs), DBH class (Hd), and height class (Hh), the integrated diversity among them was also tested including the integrated diversity of species and size (Hsd), the integrated diversity of species and height or the species profile index (Hsp, Pretzsch 1996) , and the mean structural diversity index (Hsdh) of the three diversity indices of species, DBH class, and height class (Hsdh). Hsdh was adopted because it performed better than the combined methods in ranking structural diversity according to Staudhammer and LeMay (2001) . The Shannon-Wiener index is based on the basal area of tree species, DBH class, and height class where the maximum value occurs when the basal area is evenly distributed in all species or size classes.
Because of the sensitivity of the Shannon-Wiener index and its uncertainty to changes in class width, the Gini coefficient was also applied because it does not require arbitrarily classified diameter classes, and it performs better than other stand structural diversity measurements applied to forest management planning (Lexerød and Eid 2006) . The Gini coefficient is a measurement of heterogeneity and quantifies the deviation from perfect equality. It has a minimum value of zero when all trees are of equal size and a theoretical maximum of one when all trees but one have a value of zero. Therefore, higher values indicate greater size diversity. It was calculated for both tree diameter and height. The summary statistics derived from all indices used in the study are given in Table 4 .
Statistical analysis
Correlation analysis was performed to evaluate relationships among the diversity index using first measurement of plots. The structural diversity index was also compared during different forest developmental stages. Most published studies used linear and quadratic terms to test for significance and curvilinearity when evaluating relationships between species diversity and productivity (Huston et al. 2000; Mittelbach et al. 2001 ) Therefore, second-order polynomial regressions were adapted to fit the data and to explore relationships between stand growth and structural diversity. Because stand density, age, and site quality are known to influence stand growth and may affect relationships between diversity and productivity (Fridley 2002; Firn Liang et al. 2007 ), stand age, Sp, N, and Dq were applied as additional independent variables to carry out second-order modeling to test the effects of site factors and stand initial conditions on relationships. Multicollinearity is encountered when a number of correlated explanatory variables exist within a regression analysis that may cause inaccurate model parameterization, decreased statistical power, and the exclusion of significant predictor variables (Graham 2003) . The variance inflation factor (VIF) is a common way to detect multicollinearity phenomena. VIFs of the predictor variables were tested, and collinearity patterns between N and Dq (VIF > 4) were found. Therefore, only Dq was saved in the model. Plots were repeatedly measured; as a result, growth measurements from individual plots were expected to be correlated. Mixed-effects models were employed for repeated measurements following the SAS MIXED procedure (SAS Institute Inc. 2002) . Because models were developed for four response variables (PAI, Ps, Pm, and Pr) and eight explanatory variables (Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh) separately, 32 models were tested in total:
where growth ij and diversity ij are one of the measurements of growth (PAI, Ps, Pm, and Pr) and the stand structural (Buongiorno et al. 1994) Species profile index
p ij Â log p ij ; where p ij is the proportion of basal area of species i in height class j, m is the number of species, class 1, 100%-81% of maximal tree height (hmax); class 2, 80%-51% of hmax; class 3, 50%-0% of hmax Shannon-Wiener index calculation for the proportion of tree species in different stand layers; indicates integrated diversity of species and height (Pretzsch 1996) Mean structural diversity index Hsdh = (Hs + Hd + Hh)/3 Mean value of tree species, size, and height indices (Staudhammer and LeMay 2001 
BAjðnÀ1Þ
, where BAj is the basal area of the tree with rank j, j is the rank of a tree in ascending order from 1 to n by DBH, and n is the number of trees
Measurements of the deviation from perfect equality (Lexerød and Eid 2006) Gini coefficient for height
, where BAj is the basal area of the tree with rank j; j is the rank of a tree in ascending order from 1 to n by height; n is the number of trees Measurements of the deviation from perfect equality (Lexerød and Eid 2006) Note: The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3. diversity index (Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh), respectivley, for plot i at time j; Age is stand age; Sp and Dq are as previously defined, and b 0 -b 5 are parameters of the fixed effects, m i $ Nð0; s 2 m Þ is the random plot effect, and 3 i $ Nð0; s 2 e Þ is the random error. The integrated diversity index included Hsd, Hsp, and Hsdh within the models, and therefore, interactions among tree species, tree size, and height were included.
It is necessary to characterize the behavior of the covariance structure of the plot random effect (G matrix) and the repeated random effect (R matrix) when using the mixed model (eq. 5). The covariance structure was chosen among the candidates of unstructured (UN), compound symmetry (CS), and first-order autoregressive (AR(1) based on the method of restricted maximum likelihood). Therefore, nine combinations of covariance structures for plot and repeated random effects were tested for each model. Two commonly used information criteria including the Akaike's information criterion (AIC) and the Bayesian information criterion (BIC) were applied to select the covariance structure that best describes the data (Littell et al. 1996) . The error covariance structure possessing the smallest values of AIC and BIC is identified as the most desirable.
When the linear regression term (b 1 ) in a relationship was deemed significant but the quadratic term (b 2 ) was not, the relationship was categorized as monotonic positive or negative according to the symbol on the linear term. The relationship was deemed curvilinear if the quadratic term was significantly different from zero, and the overall model was significant. If both linear and quadratic effects were significant, it was then established whether it was significantly unimodal (hump-shaped or U-shaped) using a statistical test developed by Mitchell-Olds and Shaw (1987) . This test determines whether a curvilinear relationship reaches a maximum or minimum within the observed range of diversity (Waide et al. 1999; Chase and Leibold 2002) . When both the linear and quadratic term effects were significant but no unimodal shape was detected, the relationship was classified as concave increasing, concave decreasing, convex increasing, or convex decreasing according to the sign of the quadratic terms and the predicted values corresponding to the maximum and minimum of the explainable variables. For all analyses, a significance level of a = 0.05 was used.
To test how much stand structural diversity contributed to the model fitting, we calculated the AIC difference between models with (eq. 5) and without diversity effects. Because each diversity index was included in the model separately, we compared these models to find the index that contributed most to stand growth. For the same response variable, the best model was determined using Akaike's weight (w k ), which can be directly interpreted as the probability that a model is suitable (Buckland et al. 1997; Ouzennou et al. 2008) , and is calculated as
where w k is the Akaike's weight of the model k, AIC k is the AIC value of the model k, and AIC min is the minimal AIC value among the candidate models. A model with maximum w k is the best.
Results
Correlations between different structural diversity indices Table 5 shows that Hs has a weak correlation with the tree size and tree height diversity indices (Hd, Hh, GCd, and GCh) representing, consequently, different dimensions of diversity. However, indices that integrate species, size, and height (Hsd, Hsp, and Hsdh) are always highly correlated with other indices with the exception of Hh and Hsp. The Gini coefficients (GCd and GCh) showed moderate correlation coefficients with other indices. High correlations have been observed between the Gini coefficients for DBH and height. All structural diversity indices are included to examine their sensitivity to stand growth within the models.
Structural diversity at different developmental stages
All structural diversity indices show a general increasing trend with developmental stages from young, immature, mature, and overmature forest stands (Fig. 1) . Higher values indicate greater structural diversity. Therefore, older forests possess more complex stand structure in terms of tree species composition, tree size structure, and vertical structure than do young forest stands.
Relationships between stand growth and structural diversity indices
Among all combinations of three covariance structures for G and R matrices, UN for the G matrix and the CS for the R matrix were found to be the most desirable structure because they produced the smallest AIC and BIC values for all models. Plot random effects were significant in all models (Wald test, p < 0.001). So UN and CS covariance structures were selected to model the variance components of plot and repeated random effects in the final models, respectively. Tables 6-9 present parameter values, their significance, AIC, BIC, plot random effect variance, random error variance of linear mixed models, changes of AIC (DAIC) and weighted AIC (w k ). DAIC and w k are only applied to models with significant diversity effects. The Sp was significant in all models of PAI and Ps, whereas Dq was significant in all models of Pm and Pr. The effects of GCd and GCh were not significant in all models.
Significant positive linear relationships were found between Hs and PAI, Hsp and PAI (p < 0 .01; Fig. 2, Table 6 ), Hs and Ps, and Hsp and Ps (p < 0.01; Table 6 ). There were significant linear and quadratic effects between PAI and Hd, PAI and Hh (p < 0.01; Table 6 ), and Ps and Hh (p < 0.01; Table 7 ), and therefore, the Mitchell-Olds and Shaw (1987) test was performed for these models to examine whether the presence of an internal maximum (hump-shaped) or minimum (U-shaped) existed. No unimodal relationships were detected (p = 0.4253 for PAI and Hd, p = 0.6808 for PAI and Hh, and p = 0.7996 for Ps and Hh). Owing to this, these relationships were classified as concave increasing according to the sign of the quadratic terms and predicted values. Significant quadratic effects were also observed between PAI and Hsdh and Ps and Hd. However, the integrated diversity of tree species and size was not significant in all models. Neither significant linear nor quadratic effects of any diversity index were observed for Pm and Pr (Tables 8 and 9 , The Shannon-Wiener diversity index related to tree size and height was significant in the PAI and Ps models, but the Gini coefficients were not. Therefore, it was concluded that the Shannon-Wiener diversity index performed better than the Gini coefficients in explaining variance of stand growth. The DAIC values showed how much diversity indices contributed to the goodness-of-fit of the stand growth (Tables 6 and 7) , and it was found that the effects of stand structural diversity indices were substantial (likelihood ratio test, p < 0.01), particularly Hs and Hsp. Because models that included Hsp were found to be the best fitting of all models we compared (i.e., they had the largest values of w k ; Tables 6 and 7), it was concluded that Hsp possessed better explanatory abilities than other diversity indices for PAI and Ps.
Discussion
Changes of structural diversity during different developmental stages
This study on spruce-dominated forests showed that stand structural diversity indices involving tree species, DBH, and height increased throughout the developmental stages from young to overmature forest stands. Higher values indicate greater complexity in stand structure within forest development. Similar results were also observed in other studies. Spies (1998) found that tree size diversity and vertical foliage diversity showed S-shaped trends during succession in a Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) forest. Harper et al. (2003) observed that old growth black spruce dominated forests had greater within-stand structural diversity than did young forest stands. O'hara et al. (2007) reported an increasing tend in structural diversity over time in multiaged forest stands. This could be due to tree size differentiation caused by competition processes, mortality, and regeneration. Stands incorporating large trees appear to have large ranges in DBH and, hence, higher tree size diversity (McRoberts et al. 2008 ).
Effects of tree species diversity on growth
It was found that tree species diversity provided positive linear effects to PAI and Ps in spruce-dominated forest stands. However, no significant relationship between tree species diversity and mortality or recruitment was detected in the forest stands. Positive relationships between species diversity, production, and growth do not always agreed with each other in studies on forest communities (Caspersen and Pacala 2001; Liang et al. 2007; Vilà et al. 2007 ). Negative effects have also been found (Huston 1980; Lugo 1992; Firn et al. 2007 ). Liang et al. (2005 Liang et al. ( , 2007 found that recruitment is positively correlated with species diversity, but mortality is independent of species diversity in Douglasfir -western hemlock (Tsuga heterophylla (Raf.) Sarg.) and Note: All correlation coefficients are significant at p < 0.001. The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3 . mixed-conifer forests. Although the hypothesis of complementarity and sampling effects are put forward as an explanation, it remains difficult to generalize because the relationship is affected by scale, site condition, developmental stage, and stand structural attributes (Waide et al. 1999; Mittelbach et al. 2001; Firn et al. 2007 ).
Effects of stand structural diversity on growth
The Shannon-Wiener indices Hd and Hh showed concave increasing effects on PAI and Ps, and Hsp presented monotonic increasing effects on PAI and Ps (Fig. 2) . However, the combined effects of tree species and size diversity (Hsd) were not significant in all models. The Hsdh had significant 
Note:
The parameters b 0 -b 5 are defined in eq. 1. The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3 . Values with asterisks are significant: *, p < 0.05; **, p < 0.01. ns, not significant. AIC, Akaike's information criterion; BIC, Bayesian information criterion; s 2 m , variance of plot random effect; s 2 e , random error variance; DAIC, the difference between models with and without diversity effects; w k Akaike's weight. Note: The parameters b 0 -b 5 are defined in eq. 1; the remaining parameters are defined in Table 6 . The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3 . Values with asterisks are significant: *, p < 0.05; **, p < 0.01. ns, not significant. effects on PAI but not on Ps (Fig. 3) . This was unexpected, and further research should be carried out to discover why this occurred in the first place. No significant effects of structural diversity on mortality and recruitment were found in forest stands. Therefore, both tree size and height diversity had positive effects on net growth and survivor growth, and the interaction of tree species and height was better than that of species and size in explaining variance of growth.
Stand structure is a reflection of both autogenic development processes, such as regeneration, competition, and the consequent self-thinning effect, and past and present disturbance events. Structural changes that result in differences in the amount and distribution of leaf area in stands have an effect on stand functions such as photosynthesis and respiration as well as tree growth. The observed positive effects of tree size and height diversity on growth may be the result of the enhancement of the complementarity of resource use for stands with high structural diversity because trees exist in different vertical layers. Every species of a different size has its unique set of habitat requirements (food, cover, water, and arrangement). Maintenance or enhancement of structural diversity will support their capacity to meet their specific needs, whereas low structural diversity or homogenous structural arrangements may reduce complementarity Note: The parameters b 0 -b 5 are defined in eq. 1; the remaining parameters are defined in Table 6 . The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3 . Values with asterisks are significant: *, p < 0.05; **, p < 0.01. ns, not significant. Note: The parameters b 0 -b 5 are defined in eq. 1; the remaining parameters are defined in Table 6 . The structural diversity indices Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are defined in Table 3 . Values with asterisks are significant: *, p < 0.05; **, p < 0.01; ns, not significant. effects. Considering that Hsp contributed the most to stand growth, we inferred that the strong competition for light resulted from height difference may facilitate PAI and Ps in the forests.
Our conclusions differ from studies by Liang et al. (2005 Liang et al. ( , 2007 who reported that size diversity was negatively associated with diameter or basal area growth and that recruitment was negatively correlated with size diversity although mortality was positively correlated to size diversity in both Douglas-fir -western hemlock and mixed-conifer forests. Growth periods in this study were between 3 and 6 years. This is much shorter than the 10 year growth period adopted by Liang et al. (2007) where recruitment and instant mortality during the 10 year period may or may not be monitored. They did not include tree height diversity and interaction of diversity of tree species, diameter, and height. Edgar and Burk (2001) observed that productivity was negatively correlated with canopy vertical structure. They also implied the potential for maintaining productivity while satisfying needs for greater diversity. Varga et al. (2005) examined tree size diversity of single-species and mixed stands in western Canada and found that mature even-aged coniferous mixed forest stands can provide higher structural diversity than singlespecies stands, although the results depended upon the component species. Unfortunately, they did not report on the growth or productivity of these forests. Knowledge concerning the effects of stand structural diversity on forest growth still needs to be further explored.
Implication for growth modeling and forest management
Results from this study show stand structural diversity can explain the variation of growth to a certain degree. Edgar and Burk (2001) concluded that tree species and height diversity in combination with site index, stand age, and basal area significantly reduced unresolved variability in an aspen productivity model. Liang et al. (2005) included species and size diversity in a matrix growth model that had considerable effects on transition probability. Ouzennou et al. (2008) suggested that the inclusion of diameter diversity into an age-height model can improve the performance of a site index model. The current study supports the potential of stand structural diversity to explain stand growth, although the effects of diversity were not consistent with other reports. Taking all this into account, it is recommended to consider diversity effects for growth modeling initiatives.
In forest-management planning, timber production and stand structural diversity (e.g., tree size diversity) are always designated as economic and ecological objectives (Buongiorno et al. 1994; Ralston et al. 2003) . Optimization models applied in conjunction with matrix growth models as constraints show that appropriate management can maintain stand structural diversity and timber quality simultaneously (Ralston et al. 2003) . Uneven-aged management practices that apply selective or partial cutting may lead to increased structural complexity by retaining and enriching structural elements of preceding stands. This study selected tree species as well as size and height components as key constituents to facilitate structural diversity that can be logically linked to management practices and objectives. However, there are many relevant structural features besides living trees to consider (Franklin et al. 2002) . Therefore, more attributes of structural diversity, such as older trees, snags, and coarse woody debris, should be considered in the future.
Conclusion
The overall findings confirm that stand structural diversity including dimensions of tree species, size, and height showed a significant positive relationship with net growth and survivor growth by volume supporting the initial hypothesis of this study. Stand structural diversity had no significant effects on mortality and recruitment. Among the eight diversity indices, the integrated diversity of tree species and height contributed most to stand net growth and survivor growth. For the purpose of maintaining biodiversity and rapid growth in spruce-dominated forests, it is recommended to apply uneven-aged stand management practices in combination with selective or partial cutting to maintain high structural diversity. Fig. 3 . Relationships between periodic annual mortality (Pm), periodic annual recruitment (Pr), and structural diversity indices.
